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Abstract
Current research into CO2 capture and storage is dominated by improving the CO2 storage capacity. In this context, 
risk related to CO2 leakage is an important issue which may cause environmental problems, particularly when
freshwater resources nearby are intruded by the CO2 plume. In this work, the leakage into a multi-layered fractured 
saline aquifer is modelled with a numerical model regarding its pressure build-up process. The investigation is 
performed with the non-isothermal compositional fluid flow module implemented by authors in the OpenGeoSys
(OGS) software for geotechnical applications.
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1. Introduction
The release of greenhouse gases, particularly CO2, from the burning of fossil fuel by industries is the
main cause of global warming [1]. Thus, there is an overwhelming concern by geologists, scientists,
environmentalists and elected officials that immediate actions are necessary to address the problem. There
is no single solution, but carbon dioxide capture and storage (CCS) technology plays a major role [2, 3,
4]. In this technology, CO2 is captured before its release to atmosphere and disposed of at specific
underground sites suitable for holding CO2 for a defined period of time. Trapping mechanisms (physical,
dissolution and mineralization) ensure that CO2 does not leak from storage. To technically and
environmentally safely store a specific quantity of CO2 for a defined period of time, characterization and
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risk assessment of the targeted site is required. To deal with a system of an arbitrary number of injection 
(active) and abandoned wells (passive) for case of two aquifers and one aquitard, Nordbotten et al. [5], 
presented a general solution for leakage using  the  convolution integral theorem.  Later on, Nordbotte et 
al. [6] presented a semi-analytical approach to simulate CO2 injection into a saline aquifer, including the 
possibility of leakage through an abandoned leaky well located in the vicinity of the injection well. 
However, Cihan et al. [7] developed a general analytical solution for a multi-layered aquifer system with 
one passive and one active well. Using the numerical model (MUFTE), Ebigbo et al. [8] succeeded in 
comparing the leakage rate with semi-analytical solutions. 
The main research objective of this numerical investigation is to quantify the brine and CO2 leakage 
via an inclined fracture while disposing CO2 in a multilayered fractured saline-aquifer system using CO2 
sequestration technique. Nordbotten et al. [9], reported that CO2 injection into a saline aquifer with 
possible leakage is associated with two different time-scales. The transient pressure pulse leads to the 
initial leakage of formation fluid out of the formation, and the front of advancing CO2 causes a secondary 
wave of leakage. In this work, we include the thermal front which may affect the fluid leakage. 
Computation of fluid leakage rate and how it is affected by the different propagation fronts are the main 
results which answer questions about (a) how long CO2 stays in storage (b) the durability of the CO2 
storage (c) the quantification of the CO2 leakage because of pressure buildup in the storage due to 
injection. 
2. Numerical Modeling 
If one considers CO2 injection into a multi-layered saline-aquifer, the solid rock matrix is spatially 
fixed, while the fluid filling the pores of solid skeleton (mixture of CO2 and water) is mobile. Water and 
CO2 are assumed a single-phase fluid, the material parameters of which are changing with pressure, 
temperature and composition according to Volume Translated Peng-Robinson Equation of State (VTPR-
EoS [10]). Flow and transport processes in this problem interact strongly [11]. 
2.1. Governing equation  
Assuming that grains of the porous medium are incompressible, mass conservation of mixed CO2 and 
water can be expressed as 
 
Here,  is porosity,  is density,  is time,  is pore fluid velocity and  is mass source term. The 
mixture density is approximated by  . Component density is calculated from the real gas 
equation,  and the super compressibility factor, , is obtained from the 
solution of VTPR cubic equation which is obtained by setting  in the VTPR-EoS, i.e., Eq. 
(5). Here,  is component mass fraction,  is pressure;   is component molecular weight,  is the gas 
constant,  is temperature and  is component molar volume. The flow flux  
g  
Here,  is intrinsic permeability,  is dynamic viscosity and g is gravity vector. The divergent form of 
the heat and mass transport equations can be derived from conservation principles. Numerically, the 
convective form of the transport equation is preferred because it is a simpler boundary value problem and 
accessible. The convective forms are obtained by substituting the mass conservation equation for the fluid 
in the divergent form of transport equations. 
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Here, superscript  stands for solid,  is reference temperature,  is specific heat capacity,  is 
tensor of the thermodynamic dispersion,  is retardation factor,  is derivative term of the retardation, 
and  is tensor of the hydrodynamic dispersion. 
The Henry  sorption law ( ) is used to derive the retardation factor 
 
 
 
The coefficient of the tensors of hydrodynamic and thermodynamic dispersion are given by 
 
 
 
 
 
Here, KD is the Henry sorption coefficient,  is Kronecker delta  is thermal 
conductivity,  is diffusion coefficient, t and l are transverse- and longitudinal- dispersivities, 
respectively. 
2.2. Equation of state 
Tsai and Chen [10] presented a modified form of the Peng-Robinson equation of state (Peng and 
Robinson [12]) called VTPR-EoS.  
 
 
 
Fig. 1. Comparison of CO2 (left) and water (right) parameters with NIST data for pressure from  to  bars at  K. 
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The VTPR-EoS provides material parameters for liquids and gases quite accurately. It needs an 
additional parameter called translated volume , along with attraction , and repulsion , parameters. For 
a pure component, the translated volume can be determined by calculating the difference in experimental 
and calculated molar volume at the reduced temperature .  Here, parameters,  and  are 
defined by 
 
 
 
 
 
 
Here,  are critical constant,  is acentric parameter of pure component. For water and CO2, 
, respectively. Setting , in Eq (5), VTPR 
cubic equation in term of the compressibility factor, , can be obtained as follows 
 
 + 
 
 
Here,  and .  
In the Fig. 1, we compare the computed density, viscosity, heat conductivity and specific heat capacity 
with the data from the National Institute of Standards and Technology (NIST) for water and CO2. For 
mixture, these parameters are averaged over the components.  
2.3. Numerical scheme 
The partial differential equations are discretized in space within the Galerkin finite element approach. 
The system of governing equations is solved in a monolithic way for pressure, temperature and mass 
fraction of CO2 as primary variables [13]. To achieve numerical stability and steady-state condition 
rapidly, the explicit Euler scheme for time-derivation has been adopted, and mass lumping technique has 
been applied. The nonlinear system is linearized using the Picard method. The 2D layers are meshed with 
triangular elements whereas the fracture is meshed with line elements [14, 15]. A linear shape function is 
used to interpolate the value of primary variables between nodes. 
2.4. Code validation 
The benchmark problem developed by Ebigbo et al. [8] addresses advective spreading of CO2 into an 
aquifer and quantifies the leakage rate depending on the pressure build-up in the aquifer due to injection 
and evolution of a CO2 plume. Meanwhile several numerical models (ECLIPSE, MUFTE, ELSA, 
TOUGH2, DuMux and etc.) participated in this benchmark project. Using multi-phase fluid flow 
approach, each modeller predicted the leakage rate assuming that (i) CO2 and the brine are two separate 
and immiscible 
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phase, and (ii) capillary pressure was negligible. These assumptions allow application of the 
compositional fluid flow approach, which neglects the diffusion-dispersion part of mass transport. With 
the negligence of diffusion-dispersion, convergence becomes difficult, but could be achieved with 
streamlined Upwind Galerkin or Mass Lumping techniques available in OGS simulator. In this validation, 
we use the results from MUFTE and Estimating Leakage Semi-Analytically (ELSA) simulators because 
(a) ELSA code uniquely addresses the challenge of providing quantitative estimation of fluid distribution 
and leakage rate; and (b) originally, this problem has been suggested by developers of the MUFTE code. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Comparison of computed non-dimensional leakage rate from three different simulators. 
3. Numerical Results 
The injection of CO2 into a five-layered saline aquifer, the bottom of which is located one kilometre 
deep, is being modeled. Out of these five layers, two are aquitard (each  thick) which separates 
reservoir layers (each  thick). This system includes an inclined fracture located  away from the 
injection point. The pores of the solid skeleton are filled completely with brine (water) at the following 
conditions:  hydrostatic pressure:  
 and geothermal temperature:  with reference temperature at earth 
surface . At the lateral boundaries, hydrostatic pressure and geothermal temperature 
conditions are assigned similar to initial condition. From the injection point ( ), 100,000 tonnes 
of cooler CO2 (  K) is injected for one year at a rate of . The rock matric (sandstone) 
is assumed to be a homogeneous and isotropic porous medium. For the fracture, we assigned 
porosity , and intrinsic permeability according to the relation,  with fracture 
aperture, . The model domain of this leakage scenario is shown in the Fig. 3. A total of 
triangular type elements for the reservoir layers and  line type elements for the fracture are 
used with grid refinement along the fracture. A finite element simulation is performed for one year time 
with a constant time-step size of .  
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Fig. 3. Leakage scenario.
Table 1. Model parameters.
In Fig.4a, time evolution of pressure, temperature, and mass fraction of CO2 at observation point OB1
are presented. Propagation of the pressure pulse is mainly controlled by specific storage ( ;
with and ) and injection rate. According to the pressure evolution,
injection increases the storage pressure quickly by building a pressure jump known as pressure build-up.
A higher injection rate generates over-pressure scenario whereas a larger specific storage avoids this
over-pressure situation. Time evolution of the CO2 mass fraction infers the advancement of CO2 plume. 
This curve shows that CO2 plume arrived at the leaky point in 52 days. Here, the shape of CO2 plume is 
determined by the viscosity ratio of injecting fluid to formation fluid (Nordbotten et al. [6]). Usually,
effective volumetric heat capacity controls the propagation of the thermal front. Its numerical value is 
quite large compared to effective conductive; hence, propagation of thermal front is slowest. In the
present case, injection induced leakage of hot brine (due to the geothermal gradient). Hence, at the
observation point OB1, temperature increased slightly and then dropped due to arrival of cold CO2.
Parameter Value Unite
Density 
Viscosity
Specific heat capacity
Heat conductivity
Permeability
Porosity
Diffusion coefficient
Fracture aperture
Length
Layer thickness
Freshwater resources 
Storage 
Freshwater resource 290
m
1000 m
Hydrostatic pressure, geotherm
al gradient
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In Fig. 4b, time evolution of the leakage rate for brine and CO2 are presented. The non-dimensional 
leakage rate [16] is defined by  
 
Fig. 4. Time evolution of (a) state variables; (b) leakage rate. 
Fig. 4b reveals three different time zones, i.e., (i) time when only formation fluid leaks; (ii) time 
interval for simultaneous leakage of CO2 and brine; and (iii) time when the leakage of formation fluid has 
stopped. Here, brine starts leaking immediately after CO2 injection has started and continues rising until 
lighter CO2 arrives at the leaky point. Upon arrival, CO2 starts leaking along with brine. Since CO2 is 
lighter than brine, buoyancy supports leakage of CO2 and opposes brine leakage. Due to this, brine 
leakage stopped after six months, but CO2 leakage rate dropped due to pressures influenced by lateral 
boundaries. The sorption process is measured by the retardation factor, . For the Henry-isotherm,  is 
via . With
, the leakage rate presented in Fig. 4b shows that the sorption process slightly decreased the 
leakage rate of both brine and CO2. For larger values of  leakage decreases significantly. 
Figs. 5a, b, and c show the CO2 distribution at three different times for disposal of 100,000 tonnes CO2 
in the storage (bottom layer). According to the distribution pattern, the secondary water resource (top) has 
no threat from leakage, but the primary water resource (middle) is surely contaminated from the leakage. 
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Fig. 5. Distribution of CO2 at different time during injection (a) one month (b) six month (c) one year. 
4. Summary 
The risk related to CO2 leakage was investigated by numerical modelling of CO2 injection into a multi-
layered brine formation with an inclined single fracture. In this modelling, a multi-componential approach 
was adapted to quantify the fluid leakage (CO2 -
study in particular, the variability of fluid properties depending on pressure, temperature and fluid 
ranslated Peng-Robinson eq
into risk calculations. Based on the present numerical results (Finite Element Method), following 
conclusions can be made. 
 
 Pressure-induced brine leakage rate was maximized to 0.2% in one month (see Fig. 4b). 
 Fig. 4b shows that the CO2 arrived at the leaky point in 52 days, and upon arrival CO2 started 
leaking together with brine for about six and a half months. 
 Buoyancy assisted the CO2 leakage (leakage rate increased up to 0.6%), whereas it opposed 
the brine leakage and ultimately stopped brine leakage. 
 The sorption process decreased the leakage rates slightly (see Fig. 4b). 
 This numerical module has been implemented by the authors within the object-oriented open 
source finite element code OGS (Kolditz et al. [17]) 
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